Maternal diabetes leads to an adverse in utero environment, but whether maternal diabetes impairs nephrogenesis is unknown. Diabetes was induced with streptozotocin in pregnant Hoxb7-green fluorescence protein mice at embryonic day 13, and the offspring were examined at several time points after birth. Compared with offspring of nondiabetic controls, offspring of diabetic mice had lower body weight, body size, kidney weight, and nephron number. The observed renal dysmorphogenesis may be the result of increased apoptosis, because immunohistochemical analysis revealed significantly more apoptotic podocytes as well as increased active caspase-3 immunostaining in the renal tubules compared with control mice. Regarding potential mediators of these differences, offspring of diabetic mice had increased expression of intrarenal angiotensinogen and renin mRNA, upregulation of NF-B isoforms p50 and p65, and activation of the NF-B pathway. In conclusion, maternal diabetes impairs nephrogenesis, possibly via enhanced intrarenal activation of the renin-angiotensin system and NF-B signaling.
Diseases such as maternal diabetes create an adverse in utero environment that may impair the process of embryogenesis, thus predisposing infants of low birth weight (LBW) to subsequent increased risk for future disease. [1] [2] [3] [4] [5] The developing kidney seems particularly sensitive to a high-glucose milieu, exposure to which may result in congenital renal malformations, such as renal agenesis, dysplasia, or hypoplasia. 6 -9 Intrauterine growth retardation, defined as birth weight below the 10th percentile for gestational age, is associated with a reduction in nephron number. 10 Although the so-called "thrifty phenotype" hypothesis suggests that LBW is linked to perinatal programming, 10, 11 the underlying mechanisms whereby nephron number may be affected and/or nephron function altered are not yet completely delineated.
The NF-B pathway has been reported to be a major intracellular target in hyperglycemia and oxidative stress, 12, 13 and its two functional pathways (canonical-classical and noncanonical) have been studied in the diabetic kidney. 14 -16 Five members of the NF-B family have been identified: NF-B1 (p50/p105), NF-B2 (p52/p100), RelA (p65), RelB, and c-Rel. It seems that RelA (p65) and p50, in particular, can contribute to p53-, TNF-␣-, and reactive oxygen species-mediated cell apoptosis. [17] [18] [19] [20] [21] There is a growing consensus that a high-glucose milieu and diabetes-induced activation of the NF-B pathway have a functional impact on the course of diabetic nephropathy 15, 16, 22, 23 ; however, the underlying mechanisms of NF-B signaling in impairing renal morphogenesis are not well understood.
Deficiency, mutation, or abnormal expression of genes of the intrarenal renin-angiotensin system (RAS) during organogenesis in experimental animal models often leads to abnormal kidneys, 12,24 -28 with a decrease in ultimate nephron numbers. 29 -36 Studies, including ours, have demonstrated that intrarenal RAS activation plays a key role in the development of hypertension and renal injury in diabetes. [37] [38] [39] [40] In a model of experimental diabetes in the rat, Lee et al. 23 reported a functional interaction between NF-B (in particular, the p65 subunit) and the angiotensin II (AngII) type 1 receptor. Given these data, we hypothesize that, in diabetes, enhanced intrarenal RAS activation and NF-B signaling are two key elements intimately involved in the process of apoptosis in nascent nephrons, ultimately leading to nephron deficiency.
RESULTS

Neonatal Offspring from Control and Diabetic Hoxb7-Green Fluorescence Protein-Transgenic Mothers
The body length of neonatal offspring of streptozotocin (STZ)-induced diabetic mothers was significantly smaller as compared with those from control mothers (control versus diabetic neonate offspring in length 2.54 Ϯ 0.27 versus 2.03 Ϯ 0.25 cm), as shown in Figure 1 .
Biologic Parameters
Offspring from diabetic mice remained significantly smaller and lighter (average 20% less) than control offspring during the entire suckling period. Figure 2A shows Figure 2B indicates the ratio of kidney weight to body weight, suggesting that kidneys of diabetic offspring are relatively large for their BW.
Renal Morphology, Nephron Number, and Glomerular Volume in Neonatal Kidneys
Hematoxylin-and eosin-stained sections of whole-mount neonatal kidneys indicated that offspring from diabetic pregnant mice had smaller kidneys with smaller glomeruli size as compared with the kidneys of control offspring (Figure 3A) . We found that glomerular volume (V G ) of young offspring of diabetic mothers (from neonate to 2 wk old) was persistently less than that of control animals ( Figure  3B ). By carefully counting the number of nephrons, we observed that neonatal nephron number in offspring of diabetic dams was significantly lower than in control animals (average 40% less; control versus diabetic neonate offspring The ratios of kidney weight (KW) to BW in offspring from diabetic mother were also significantly higher than those of control offspring. Ⅺ, control offspring; f, offspring from diabetic mother. *P Ͻ 0.05; **P Ͻ 0.01. Figure 3C ).
STZ Toxicity Effect
STZ is an unstable product with a biologic half-life in cell culture medium of approximately 19 min (http://www. sigmaaldrich.com). Because STZ administration does not induce diabetes 100% of the time, we had the opportunity to examine nephrogenesis in fetuses of STZ-exposed mice with or without diabetes. We performed additional experiments to determine whether STZ could affect nephrogenesis in NephrinCyan Fluorescence Protein-Transgenic (Nephrin-CFP-Tg) mice in vivo. We observed that renal damage (kidney size and number of glomeruli forming) seemed to depend on the level of maternal hyperglycemia ( Figure 4A ) but be independent of STZ administration ( Figure 4B ) or the length of exposure to STZ (from 0 to 5 d; Figure 4C ). Thus, we believe that it is unlikely that a small amount of STZ (if it crosses the placenta) exerts toxicity in the fetus in utero in our model.
Apoptosis in Kidneys of Offspring of Diabetic Mothers
Terminal transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) assay revealed that apoptotic cells seem to be increased in the collapsed nephron region in neonates and 1-wk-old offspring of diabetic mothers as compared with control offspring at the same ages ( Figure 5A ). Double immunostaining with anti-Wilms' tumor-1 (WT-1) and antiactive cleaved caspase-3 antibody indicated that glomerular podocytes undergo apoptosis, which ultimately results in nephron collapse ( Figure 5B ). Similarly, we observed augmented cleaved caspase-3 immunostaining in renal tubule of offspring of diabetic mothers from neonate to 3 wk of age as shown in Figure 6 . Taken together, these data suggest that high-glucose milieu creates an adverse in utero environment that dynamically triggers nascent nephron apoptosis during nephrogenesis, consequently resulting in dysmorphogenesis with small kidneys.
Activation of the Intrarenal RAS and NF-B Pathways in Offspring of Diabetic Mothers
Real-time quantitative PCR (RT-qPCR) assays revealed that high-glucose milieu in utero is capable of affecting intrarenal RAS gene expression in kidneys of offspring of diabetic dams; in particular, angiotensinogen and renin mRNA expression was persistently upregulated from the neonatal period to 3 wk of age ( Figure 7 ). Immunohistochemical examination of renal sections confirmed that augmented angiotensinogen protein expression was generally localized to the proximal tubule region in kidneys of offspring of diabetic mother ( Figure 8 ), whereas cells positive for renin appeared in a glomerular or tubular position in offspring of diabetic mothers rather than in the juxtaglomerular apparatus as in normal offspring ( Figure  9 ). Moreover, we observed that the p50 and p65 subunits of NF-B were upregulated and translocated from the cytosol to the nucleus in the proximal tubules of offspring from diabetic BASIC RESEARCH www.jasn.org mothers ( Figure 10A ). In gel mobility shift assays (GMSA), we found that NF-B activation was more elevated in the neonatal kidneys of offspring from diabetic mothers compared with the offspring of control dams ( Figure 10B ). Taken together, our data indicate that a hyperglycemic environment in utero reduces kidney size and triggers apoptosis of nascent nephrons, possibly via the activation of the intrarenal RAS and NF-B pathways.
DISCUSSION
In this work, we aimed to delineate the functional role of maternal diabetes in modulating renal morphogenesis in their offspring and to study their underlying mechanisms. Our data indicate that a hyperglycemic environment in utero reduces kidney size and triggers nascent nephron apoptosis via intrarenal RAS activation and NF-B signaling.
Maternal diabetes presents an environmental challenge in utero and may fundamentally and dynamically impair the process of embryogenesis, thus predisposing to LBW. [1] [2] [3] [4] [5] By comparing the global phenotypes displayed in young offspring of control and diabetic moth- ers, we observed that LBW pups with small kidneys were frequent in the offspring of diabetic dams. In the kidneys, we observed that glomeruli were smaller and that there were a relatively low number of nephrons; there is evidence of nephron collapse in these kidneys. These findings may constitute the genesis of low glomerular endowment.
In the 1980s, Brenner and associates [41] [42] [43] [44] hypothesized that "low glomerular endowment" or "fewer numbers of nephrons" are a risk factor for hypertension and ESRD in adulthood. In principle, decreased nephron number leads to renal hyperfiltration (higher filtration pressure and an increased GFR per glomerulus). Consequently, later in life, pressure natriuresis curves shift, leading to increase in BP, thereby enhancing the risk for injury as a result of hypertension and ESRD. Although outcomes such as LBW, small kidneys, and fewer nephron numbers resulting from an adverse intrauterine environment that might predispose to future hypertension are known, the mechanisms by which this occurs remain incompletely delineated.
Increased apoptosis in the blastocyst and, later, in embryonic kidneys has been reported in rodent embryos developing in diabetic dams. [45] [46] [47] [48] [49] [50] We suggest that apoptosis, in particular differential apoptosis of specific renal lineages during nephrogenesis, induced by a high-glucose milieu, is the major mechanism by which renal function is ultimately affected in diabetic offspring over time. The activation of intrarenal RAS and NF-B pathways are two key mechanisms that seem critical in the apoptosis induced by an intrauterine high-glucose milieu.
In normal nephrogenesis, apoptotic events occur normally throughout renal organogenesis until the formation of the final kidney is complete. For example, the undifferentiated stromal mesenchyme either becomes interstitial cells or is destined to undergo apoptosis to make space for the expanding loops of Henle; in contrast, the differentiated metanephric mesenchyme (MM) normally undergoes epithelialization as a result of mesenchymalto-epithelial transformation and becomes the proximal portion of the nephron. 51, 52 Under certain circumstances, however, for example, in maternal diabetes, if the resultant high-glucose milieu triggers apoptotic events in cells that do not normally undergo apoptosis (e.g., differentiated mesenchymal mesenchyme), then nephron formation may be altered and result in nephron collapse. Indeed, our data suggest that a high-glucose milieu in utero retards renal morphogenesis by inducing a significantly higher number of apoptotic podocytes in the developing glomeruli and inducing a high level of caspase-3 activity in the renal tubule, perhaps via activation of NF-B pathways and the intrarenal RAS.
On the basis of our observations and those of others, we propose that high-glucose-induced cell apoptosis resulting in nephron collapse in diabetic offspring may be due to several factors. First, although the NF-B pathway has been reported as a major intracellular target in hyperglycemia and oxidative stress, 12,13,53 the expression pattern of NF-B in the kidneys of diabetic adults is still controversial. 14 -16 Regarding the offspring of diabetic mothers, the functional impact of NF-B pathways on apoptosis is unknown. We observed that NF-B pathway was upregulated in kidneys of diabetic offspring. Furthermore, p50 and p65 subunits of NF-B were markedly upregulated, and these subunits were translocated from the cytosol to the nucleus in proximal tubular cells of diabetic offspring. Linking this observation to apoptosis, a first possibility might be that NF-B activation evokes several pro-and antiapoptotic genes, including Fas (CD95); TRAIL receptors (DR4, 5, and 6); the death-inducing ligands FasL, TNF-␣, and TRAIL; tumor suppressor p53; Bcl-xL; and Bcl-xS, 17 BASIC RESEARCH www.jasn.org could lead to apoptosis of proximal tubular cells, consequently resulting in nephron collapse and, ultimately, in nephron deficiency. Second, the intrarenal RAS, which has been extensively linked to diabetes-induced apoptosis in both human 54 and experimental animal models, 55 may play a role. Angiotensinogen and renin are major contributors to the production of AngII, the most physiologically active peptide of the RAS. We observed that the expressions of angiotensinogen and renin were dramatically activated and correlated with apoptotic events in kidneys of offspring of diabetic mothers. In addition, the cells that express renin, mainly in the renal juxtaglomerular apparatus 56 -58 in the kidneys of the normal offspring, are found in the glomerular or tubular region in kidneys of offspring from diabetic mothers. This shift in renin expression together with increased mouse angiotensinogen expression might be capable of stimulating increased local AngII forma- Figure 8 . ANG protein expression in kidneys of offspring from nondiabetic (control) and diabetic mothers: Neonate (C0 and D0), offspring at 1 wk of age (C1 and D1), offspring at 2 wk of age (C2 and D2), and offspring at 3 wk of age (C3 and D3). Magnification, ϫ60. Figure 9 . Renin protein expression in kidneys of offspring from nondiabetic (control) and diabetic mothers: Neonate (C0 and D0), offspring at 1 wk of age (C1 and D1), offspring at 2 wk of age (C2 and D2), and offspring at 3 wk of age (C3 and D3). Magnification, ϫ60. tion, which could contribute to the observed increase in glomerular or tubular apoptosis. Finally, the cross-talk between NF-B pathways and the intrarenal RAS 23, 59 may be fundamentally associated with nephron deficiency.
In conclusion, our results demonstrate that maternal diabetes impairs renal development and induces nascent nephron cell apoptosis via enhanced intrarenal RAS activation and NF-B signaling.
CONCISE METHODS
Animals
For these in vivo studies, we used two fertile Tg mouse lines that have normal phenotype: Hoxb7-Green Fluorescence Protein-Tg (Hoxb7-GFP-Tg) and Nephrin-CFP-Tg. Hoxb7-GFP-Tg mice were provided by Dr. Frank Costantini (Columbia University Medical Center, New York, NY), 60, 61 which have been used to study ureteral bud branching in nephrogenesis. 53 Nephrin-CFP-Tg mice, which have CFP expression driven by the podocytespecific nephrin promoter in glomeruli, were obtained from Dr. Susan Quaggin (University of Toronto, Toronto, ON, Canada) 62 ; these mice permit us to follow glomerular development during nephrogenesis.
Animal care in this set of studies met the standards set forth by the Canadian Council on Animal Care, and the procedures used were approved by the Institutional Animal Care Committee of the Centre Hospitalier de l'Université de Montréal. Mice were housed under standard humidity and lighting conditions (12-h light-dark cycles) and were allowed free access to standard mouse food and water ad libitum. Timed-pregnant Hoxb7-GFP mice aged 8 to 10 wk were used in all experiments. Vaginal wet mounts were made to determine the estrous cycles of the mice. On the evening before estrus, female mice were housed overnight with male mice; the presence of spermatozoa in a vaginal smear the next morning was defined as day 1 of pregnancy.
Animal Model and Experimental Design
On the basis of our previous report 63 as well as those of others, 64 -70 maternal diabetes was induced by a single intraperitoneal injection of STZ (Sigma, St. Louis, MO) at a dosage of 150 mg/kg body weight at embryonic day 13 (E13) in Hoxb7-GFP mice. Meanwhile, we performed pilot studies regarding STZ potential toxicity effect on nephron formation in Nephrin-CFP mice.
Offspring from diabetic Hoxb7-GFP pregnant mice were killed at four time periods after birth (n ϭ 24 at each time point): Neonate, 1 wk, 2 wk, and 3 wk. Offspring from nondiabetic pregnant mice at same time point were used as controls.
Isolation of Metanephroi
Post-STZ embryos were microdissected aseptically from timed-pregnant Nephrin-CFP mice (E16 and E18), and the metanephroi were isolated under sterile conditions as previously report. 53, 63 Glomerular images and quantification in Nephrin-CFP-Tg mice were analyzed by fluorescence microscopy (Nikon Eclipse TE 2000-S Microscope; Nikon, Montreal, QC, Canada).
Biologic Parameters, Renal Morphology Review, and Renal Endowment Measurement
Biologic parameters such as kidney weight, body weight, and body length were carefully monitored during the entire suckling period.
Hematoxylin and eosin staining was used to review renal morphology. 63 We measured glomerular size using an estimate of mean V G and also quantified nephron number. V G was determined by the method of Weibel 71 with the aid of an image analysis software system (Motics Images Plus 2.0; Motic, Richmond, BC, Canada). The V G was estimated by the mean glomerular tuft area (A T ) derived from the light microscopic measurement of 30 random sectional profiles of glomeruli from each group (n ϭ 6 animals per group) using the formula V G ϭ ␤/k ϫ A T 1.5 , where ␤ ϭ 1.382 (shape coefficient for spheres) and k ϭ 1.1 (size distribution coefficient). Quantification of nephron number was adapted from Bertram's 72 method using serial sections.
RT-qPCR
RT-qPCR (iQ SYBR Green Supermix Kit and MiniOpticon RealTime PCR machine; Bio-Rad Laboratories, Mississauga, ON, Canada) was performed as reported previously. 36, 53 The forward and reverse primers corresponding to mouse angiotensinogen, mouse renin, and ␤-actin cDNA 36, 53 in RT-qPCR assays were as follows: Mouse angiotensinogen forward primer 5Ј-CCA CGC TCT CTG GAT TTA TC-3Ј and reverse primer 5Ј-ACA GAC ACC GAG ATG CTG TT-3Ј (NM_007428), mouse renin forward primer 5Ј-CTG GCC AAG TTT GAC GGT GTT-3Ј and reverse primer 5Ј-GTG TCC ACC ACT ACC GCA CAG-3Ј (BC061053), and ␤-actin forward primer 5Ј-CGT GCG TGA CAT CAA AGA GAA-3Ј) and reverse primer 5Ј-GCT CGT TGC CAA TAG TGA TGA-3Ј (NM_007393).
TUNEL Assay
Paraffin-embedded kidney sections (5 m) fixed in 4% paraformaldehyde were deparaffinized in xylene and rehydrated. Apoptosis was quantified with a TUNEL kit (La Roche Biochemicals, Laval, QC, Canada) according to the supplier's instructions.
Immunohistochemistry and Immunofluorescence Staining
Paraffin-embedded kidney sections (5 m) fixed in 4% paraformaldehyde were deparaffinized in xylene and rehydrated. Immunohistochemical examination for angiotensinogen, renin, caspase-3, and NF-B pathway (p50 and p65) was performed by the standard avidinbiotin-peroxidase complex method (ABC Staining System; Santa Cruz Biotechnologies, Santa Cruz, CA). 39, 73 The primary antibodies used included a polyclonal anti-angiotensinogen antibody 39, 73 (gift from Dr. John S.D. Chan, CHUM-Hô tel Dieu Hospital, Montreal, QC, Canada) in a 1:100 dilution, anti-WT-1 (clone 6F-H2; Dako Cytomation, Carpinteria, CA) in 1:100 dilution, anti-cleaved caspase-3 polyclonal antibody (Cell Signaling Technology, Inc., Danvers, MA) in a 1:100 dilution, a polyclonal NF-B pathway antibody (p50/p65; Santa Cruz Biotechnologies) in 1:100 dilution, and a polyclonal anti-renin antibody (cat. no. RDI-rtreninabm; Research Diagnostics, Concord, MA) in a 1:500 dilution.
GMSA
Nuclear protein extracts were prepared from neonatal kidneys of control and diabetic offspring. GMSA were performed as described previously, 74 
Statistical Analyses
Statistical significance between experimental groups was analyzed initially by t test or by one-way ANOVA followed by the Bonferroni test as appropriate. Three to four separate experiments were performed for each protocol. Data are expressed as means Ϯ SD. P Յ 0.05 was considered statistically significant. We acknowledge the kind gifts of Hoxb7-GFP mice from Dr. Frank Costantini (Columbia University, New York, NY). We also thank Dr. Indra R. Gupta (Montreal Children's Hospital, Montreal, QC, Canada), who taught us to count the number of nephrons using J. 
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